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introduction 


The original question that prompted this study was, "What 
are the conditions that would cause a conventional two wheel 
drive tractor to tip over backwards and how could these con- 
ditions of instability be predicted?" Tractor stability is a 
very serious safety problem when the operator is using the tractor 
with high draft loads and operating on relatively steep slopes. 

A mathematical means of analyzing the parameters that affect 
tractor stability would allow the design engineer the opportunity 
to study affects of the actual design of the tractor and the imple- 
ment on the stability of the tractor. The design engineer could 
then try to maximize stability by utilizing the optimum stability 
designs of the tractor and implements that were obtained from 

the mathematical analysis. An even more ideal solution to the 
problem of operator safety would be the installation of many 
electronic sensing devices on the tractor that would sense all 

of the necessary parameters involved with stability. All of 
these sensors could then be connected to a minicomputer using 

the relatively new silicon chips-to cheaply analyze the con- 
stantly varying input conditions and calculate whether or not 

the tractor is stable. Such a system would allow total operator 
safety and would be able to accurately predict stability re- 
gardiess of the conditions the tractor was operating in. The 
possibility that new regulations concerning operator safety will 
Soon be invoked is a very real possibility and a study such as 


the author is undertaking should help to more closely define 


with determining tractor stability and 


the problems involved 
also should allow the engineer to get an idea of how the various 


parameters affect tractor stability. 


Objectives 


The main objective of this study was ٥ determine all of 
the parameters affecting longitudinal tractor stability and to 
develop a simple mathematical model that could analyze and 


predict tractor stability for various tractor and implement 


designs. 


Ptane 


yo 


sha 


Review of Literature 


One of the first important parameters that was encountered 
in this study was the amount of drawbar pull that a particular 
tractor could generate. Drawbar pull was dependent on the 
amount of power that the tractor had available and was also de- 
pendent on the type of hitch and soil conditions the tractor was 
operating in. Mr. Frank Zoz developed a means of predicting 
tractor performance on soils while he was working as an engineer 
for John Deere,2 Zoz based his solution on the following free 


body diagram of the tractor: 


Feriction 


F e 8 
F " friction 


Wb 


thrust 


Figure 1.  Zoz's Free Body Diagram 
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The variables that Zoz used were defined as follows: 


= “Ps= the horizontal component of the pull exerted on the 
tractor by the implement 1 


Ptane = the vertical component of the pull exerted on the 
tractor by the implement 


8 = the angle of pull with respect to the horizontal 


m 
1 


vertical distance from the ground to the point of 
application of the pull 


B = horizontal distance from the center of the rear axle 
of the tractor to the point of application of the pull 


the thrust force exerted on the soil by the‏ = ين 
tractor tire which acts to propel the tractor‏ 1 : 
Torward‏ 


RWS = rear weight static(Zoz divided the static weight of 
tractor into two components acting at the centers of 
the rear and front wheels respectively) 


RWD = rear weight dynamic, the vertical reaction of the soil 
on the tractor in the dynamic state 


F = forces of friction of the soil acting on the 


friction : 
EO tires 


Wb = wheelbase of the tractor 


FWS 


front weight static 


FWD front weight dynamic 


"I 


The first step in Zoz's analysis was to sum the moments around 


point C because this conveniently eliminated the thrust force 


and the friction forces which are very difficult quantities 


to predict and measure. Summing the moments around point C gave: 


> M. = 0 


RWS-Wb = RWD:Wb + P.E + Ptane(Wo + B) 


pe L 
[RWD«Wb = RWS«Wb + PeH + Ptane(Wb + B) | "m 
mee Wb 
H B | 
RWD = RWS + Pf ---- + tane(i + ----) | 
Wb Wo | 


This equation could not be evaluated directly because the location 
of the point of application of the pull defined by H, B, and 

the angle theta was not known for integral and semi-integral type 
hitches. Zoz solved this problem by first calling the term 

H 

-----+ tane(1 + ----) the Dynamic Weight Coefficient. 2 

Wb Wb 

then performed many field tests with different tractors and dif- 
ferent hitches and arrived at three values of DWC, He determined 
that the value of DWC wascapproximately..65 for an integral hitch, 
.45 for a semi-integral hitch, and .25 for a towed implement. 

Zoz used this equation for the basis of his work and coupled 

with a lot of testing and research work he was able to arrive av 
a simple traction chart that could predict tractor performance 
with a relatively high degree of correllation between his pre- 
dicted results and actual measured results. 68 chart was de- 
signed with the idea that an engineer or a consumer could use the 
Nebraska Tractor Test results to easily compare and predict per- 


formance of any type of tractor operating with different types 
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20218 traction chart with its graphs of performance was 
an excellent tool, but to be used in & computer program the graphs 
must be fitted to mathematical equations that allow the computer 
to predict tractor performance. Professor D. R. Hunt, at the 
University of Illinois, developed the mathematical equations by 
using a computer to find the best equations to fit the curves.“ 


Hunt was able to develop equations that fit these curves very 


accurately and they evolved into the following forms: 


/ 
TE = ; 2 - li (Besê + Deg + و‎ 
2 
TE = the tractive efficiency, decimal 


S = drive wheel slip, decimal 


A B 0 2 2 
concrete 5.124 6.556 -1.596 - 5.376 . 6450 
firm soil 6.928 12.00 -1.129 -7.749 „3895 
tilled soil 6.928 12.00 -.7369 -7.355 „2375 
sand 8.000 16.00 -.2280 -8.772 «181.2 


Slip = À - - DB Pull 
B SRAW 
Slip = drive wheel slip, decimal 
DB Pull = drawbar pull (same units as SRAW) 


SRAW = static rear axle weight of tractor(same units as DB Pull) 


concrete firm 
A B A B 
R= 5 65ء‎ 37.85 int. . 388 f. 
R = ¿26 +1566 35.81 semi- . 333 8.23 
R= 5 . 166 34.12 towed „ 300 8,45 
tilled > sand 
A B B 
int. „3:8 5.31 . 303 4.12 
semi- . 321 6.40 .313 3.62 
towed „3a2 5.69 . 297 3.71 


R = ratio of the drawbar height to the wheelbase in a concrete 
operating condition 


Another important parameter that was soon encountered was 
the radius of the front and the rear wheels. For the sake of 
simplicity and availability of data, it was assumed that the dy- 
namic loaded radius of the tires was approximately equal to the 
static loaded radius of the tires. The static loaded radius of 
most common tractor tires has been found by many sources and 
this information was used in the computer program so the user 
of the program could simply plug in the nominal tire size and the 


computer would match it up with the appropriate radius. The follow- 


Nominal tir 


5-16 .9 
.18.4-16 
8.3-24 
9.5-2L‏ 
2-24 , 11 
باع سب , 12 
13.6-2h‏ 
14.9-24 
16.9-24 
13.6-26 
15.9-26 
16.9-26 
18.5-26 
23.1-26 
28.1-26 
11.2-28 
8ب , 2 1 
13.6-28 
9-8 , ب۸ 1 
16.9-28 


e 


à 


size 


ze ise 


Drive Tires 


tatic loaded radius 


1252 
19,5 
18.2 
19.0 
19.0 
20.8 
213 
22.4 
23.1 
22.6 
23.4 
24.1 
25.6 
27.7 
27.9 
21.9 
22.8 
23+5 
24.4 
82و2 


(inches) 


4 
i 


ing values of static loaded radius' were used in te an21SS1S 


Nominal 


18.4-28 
14.9-30 
16.9-30 
18.4-30 
23.1-30 
5-32 باع 
16.9-34 
باق -با , 18 
23.1-34 
13.9-36 
11.2-38 
13.6-38 
5-38 5۰ 1 
16.9-38 
18.4-38 
20.8-38 


Nominal tire size 


6.00-14 


Bı 00-1 5 


tire size 


fl 


Static loaded radius (inches) 


26.7 
25.5 
26.1 
27.5 
29.9 
31.5 
28.1 
29.4 
32.0 
26.9 
26.9 
28.6 
28.6 
30.4 
31,6 
32.8 


Steering Tires 


Static loaded 


10.0 
12.5 
12.0 


radius (inches) 
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Nominal tire size Static loaded radius (inches) 
۲۰ 5-15 13.6 
9.5-15 13.9 
11-1 5 14,4 

550-16 13.1 
600-6 13.5 
6. 50-16 13.9 
7. 50-16 14.7 
10.00-16 16.0 
11.00-16 17.3 
14-1 17.3 
~.7.50-18 15.9 
7. 50-0 16.9 


9. 50-20 17.9 


Development of a Mathematical Model 


The first assumption that was made before any attempt of 
a mathematical equation was even made was to assume that the 
criterion for reaching the point of instability for the tractor 
was that this point was reached when the front wheel reaction, 
FWD, of the soil upon the wheel reached a value of zero. The 
tractor was really unstable before this point because even if 
there was some small amount of front wheel reaction, there might 
not have been enough soil friction force to allow the operator 
to turn the wheels and steer the tractor. Since it was not 
known for every tractor how much of a front wheel reaction 
was necessary to steer the tractor, it was arbitrarily assumed 
that the criterion for instability was that the front wheel 
reaction, FWD, equalled zero. This meant that an equation con- 
taining the term FWD was the desired result of this analysis 
in order to allow a calculation of FWD and a subsequent de- 
termination of the tractor's stability. 

The first step in the development of the mathematics gov- 
erning tractor stability was to develop a free body diagram of 
the tractor which showed all of the external forces acting upon 
the tractor. The following free body diagram was chosen to show 


all of the forces that were acting upon the tractor: 


«Thc 


w 


B 


208 ہے 
point C‏ 


“thrust WD 


\ 


Figure 3. Free Body Diagram of Tractor on Slope 


The variables that were used in the free body diagram were 


defined as follows: 


P = the component of the pull exerted on the tractor by the 


implement that was parallel to the soil's surface 


-ٌ Ptane = the component of the pull exerted on the tractor by 


Š +he implement that was perpendicular to the soil's surface 
و‎ = the angle that the total pull made with the soil's surface 


a B - the distance from the center of the rear axle to the point 
دو‎ of application of the pull that was measured in the direction 


parallel to the soil's surface 
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H = the distance from the soil's surface to the point of appli- 
cation of the pull that was measured in the direction per- 


pendicular to the soil's surface 


RWS = rear weight static, the component of the weight of the 
tractor that acted through the center of the rear axle 


and was perpendicular to the soil's surface 


RWD - rear weight dynamic, the component of the soil's reaction 
upon the rear tire that was perpendicular to the soil's 


surface 


0 = the angle of inclination of the soil's surface with respect 


to the horizontal direction 
Wb = the wheelbase of the tractor 


FWS = front weight static, the component of the weight of the 
tractor that acted through the center of the front axle 


and was perpendicular to the soil's surface 


FWD = front weight dynamic, the component of the 501155 reaction 
upon the front tire that was perpendicular to the soil's 


surface 


The first step in analyzing the free body diagram was to sum 


the moments around point C: 


M. = 0 = RWS*Wb + Ptane(Wb + B) = RWD*Wb + P*H‏ و 


Rearranging terms: 


Wb*RWD = RWS*Wb + Ptane(Wb + B) + P*H 


TT — 
RWD = RWS + P H + tane(1 + رع‎ 
| Wb Wb 


This equation was identical to the equation that Zoz used for 
his work. Therefore the next step was to substitute DWC, a 


term whose value we knew, for E + tane(i + 


B ). This gave us 
Wb Wb 


the following expression: 
RWD = RWS + P*DWC 


The main objective of this analysis was to look for an equation 
that contained the term FWD and it was apparent that the above 
equation dedé not contain it, so the next step was to sum the 


forces in the y direction: 

# = ۵ = FWD + RWD - Ptane - RWS - FWS 
Rearranging terms: 
RWD = Ptane + RWS + FWS - FWD 


The above expression was an equation with the term FWD, but it 
also contained the term RWD which was a relatively unmeasurable 
quantity.  RWD was eliminated by substituting into the equation 


obtained for RWD from summing the moments around point C: 


RWD = RWS + P*DWC = Ptane + RWS + FWS - FWD 


DWC 
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Rearranging terms: 

RWS + P*DWC = Ptane + RWS + FWS - FWD 
P*DWC = Ptane + FWS - FWD 

FWD = Ptane + FWS - 76 


The main objective of this analysis had now been reached because 
the above expression was an equation that contained FWD as a 
function of P, €, FWS, and DWC. It now became obvious that if 

a means could have been found to determine these four variables, 
it would have been possible to calculate FWD. DWC was a constant 
that was known if it was also known what type of hitch was being 


used because Zoz determined the values for DWC as shown below: 
Integral hitch Semi-integral hitch Towed 


.65 T „25 


The angle 6 was not known and had to be determined or 
approximated in order to use the above equation. The first step 


was to examine the DWC term because it also contained theta: 


Solving for theta: 


TI E 
8 = tan ( DWC - Wb ) 
1 + B 
Wb 
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It was not possible to evaluate this expression directly for 
theta because the location of the point of application of the 
pull which was defined by the two distances of H and B was not 
known.  Zoz arbitrarily chose B as the horizontal distance of 
the location of the point of pull. He could have just as well 
chosen B equal to zero because only the vertical location of 
the line of pull was really important. If B was picked to be 


zero, then the equation was simplified because now equalled 


B 
Wb 
Zero: 


tan"! (DWC - )‏ = و 


H 
Wb 


It still was not possible to evaluate theta directly from this 
equation because the distance H was not known. H was defined 

as the distance from the soil's surface to the point of application 
of the pull that was measured in the direction perpendicular 

to the soil's surface. It was known from practical experience 
that most engineers designed tractors and implements so that 

the line of pull passed below the center of the rear axle because 
designers had learned that the higher the line of pull, the more 
unstable the tractor was. Therefore it was decided to limit 

the distance H to be between r, (the loaded rear tire radius) 

and zero because the line of pull also did not usually pass be- 
low the ground level either. From examining the effect of ap- 
plying P ina high vs. a low position as in the diagram below, 

it was noted that the overturning moment M*Ptane, due to Ptane, 
was the same regardless of position, but the overturning moment 


due to P was much greater in a high position vs. a low position 


a1 Oz 


due to the increased lever arm(moment J*P vs. moment G*P), It 


was decided to check the affect of varying H to see exactly what 


affect it did have on the tractor's stability. 


220- 


The next variable that needed to be determined was FWS, or 
the front static weight. It was not possible to use the value 
given for FWS from the Nebraska Tractor Test because the front 
and rear weight changed when the tractor was operating on a slope, 
The following free body diagram was set up for the tractor in a 


static condition on a slope: 


point 2 ب‎ \ RGR f 


Figure 5. Free Body Diagram to Determine FWS and RWS 


The variables that were used in the free body diagram were de- 


fined as follows: 


RWS = rear weight static, the component of the weight of the tractor 


that acted through the center of the rear axle and was 


perpendicular to the soil's surface 


RFF = the friction force of the soil that acted upon the rear 


tire in a direction parallel to the soil's surface 


2 
۲ 
" 


rear ground reaction, the reaction of the ground upon the 
rear tire that acted through the center of the rear axle 


in a direction perpendicular to the 50115 surface 


A = the distance measured parallel to the soil's surface from 
the center of ihe rear axle to the center of gravity of the 


= 


tractor 


D = the distance measured perpendicular to the soil's surface 
from the center of the rear axle to the center of gravity 


of the tractor 


0 = the angle of inclination of the soil's surface with respect 


to the horizontal 


wt = total weight of the tractor in the ballasted condition as 
measured from the Nebraska Tractor Test that acted at the 


center of gravity of the tractor 


wtcosd = the component of the weight that acted perpendicular 
to the soil's surface 
wtsing = the component of the weight that acted parallel to the 


soil's surface 


= the static loaded radius of the rear tire 


Wb = the wheelbase of the 


The 


the 


= front weight static, 


ES 


tractor 


the component of the weight of the 


tractor that acted through the center of the front axle 


and was perpendicular 


to the soil's surface 


= the friction force of the soil that acted on the front 


tire in a direction 


parallel to the 50115 surface 


= front ground reaction, the reaction of the ground upon 


the front tire that 


axle in a direction 


first step was to sum 


moment created by the 


created only by the FWS: 


acted through the center of the front 


perpendicular to the soil's surface 


the moments around point 2 such that 


total weight equalled the moment 


Be wtcosb*A + ۷2 + Ta) = -FWS*Wb 


Rearranging terms: 


FWS 


= wtcos0*A - wtsind *(D + ri) 


Wb 


An expression for FWS had now been obtained and an expression 


for RWS was obtained by summing the forces in the y direction: 


= *y 


== RGR +FGR=- wtees@ = 


Rearranging terms: 


RWS 


= wtcosó - FWS 


RGR + FGR = RWS = FWS 
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An expression had now been obtained for RWS and FWS in terms 

of the weight, the angle 7 the distance D, the distance A, the 
rear tire radius Tas and the wheelbase Wb. The wheelbase and 
the ballasted weight were found from the Nebraska Tractor Test. 
The reason that it was decided to use the ballasted weight was 
that most tractors were operated with ballast and it was thought 
this represented actual field conditions more accurately than 
using the unballasted weight. The rear tire radius was also 
found by finding the appropriate loaded radius that was given 
for that particular tire size. The angle of inclination of 

the soil, 7 that the tractor was operating on was a specified 
condition so it was a known value. The only two variables that 
were not readily known were the distances A and D which located 
the position of the center of gravity of the tractor. The 
Nebraska Tractor Test only gave the location of the center of 
gravity for an unballasted tractor and not for the ballasted 
tractor. The following free body diagram was set up to help 


Getermine the ballasted center of gravity of the tractor in 


the static condition: 


Figure 6. Free Body Diagram 
to Determine Ballasted 
Center of Gravity 


NUM 


The variables that were used in the free body diagram were de- 


fined as follows: 


RWE = the rear weight with ballast 


FWB - the front weight with ballast 


= 
ct 
n 


weight of the tractor with ballast 


Wb = the wheelbase of the tractor 


A = the horizontal distance from the center of the rear axle 
to the location of the ballasted center of gravity of the 


tractor 


RGR = the rear ground reaction, the reaction of the soil on 


the rear tire in a vertical direction 


FGR - the front ground reaction, the reaction of the soil on the 


front tire in a vertical direction 


The first step was to note that the moment caused by the total 


weight must equal the moment caused by the FWB: 


wt*A = FWB*Wb 


Rearranging terms: 


A = FWB*Wb 
wt 


This relation gave the horizontal location of the center of 


28ے 


gravity in terms of the FWB, Wb, and wt. The weight, wt, for 
the ballasted tractor was found from the Nebraska Tractor Test. 
The Nebraska Tractor Test also gave the FWB and the Wb so it 

was possible to calculate the distance A. It was still necessary 
to find the vertical location of the ballasted center of gravity 
of the tractor. By definition, the center of gravity was that 
point where all of the mass of the body was considered tio have 
been concentrated. Intuitively, the center of gravity was 
thought of as the point where a thin wire was passed through 

and the tractor was held by the wire at that point and no matter 
how the tractor was rotated, it always remained in equilibrium. 
In order to determine the vertical position of the center of 
gravity, the tractor was considered to be held by a thin wire 
through the center of gravity in the position shown in the 
following free body diagram: 


-* 


Figure 7. Free Body 
Diagram to 
Determine 
Vertical 
Ballasted 
Center of 
Gravity 


< 
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The variables that were used in the free body diagram were de- 


fined as follows: 
کو‎ = the loaded rear tire radius 


D = the horizontal distance between the center of the rear axle 


and the ballasted center of gravity 


wt - the ballasted weight of the tractor(the force on a wire 
that held the tractor through the ballasted center of 


gravity) 


RWB = rear weight ballast, the ballasted weight added to the 


rear of the tractor 


E = the point of the location 6f the ballasted center of gravity 


ty 


= the point of the location of the unballasted center of 


gravity 
wt. = the unballasted weight of the tractor 


y = the horizontal distance from the left side of the tires 


to the ballasted center of gravity 


y = the horizontal distance from the left side of the tires to 


the unballasted center of gravity 


FWB = front weight ballast, the ballasted weight added to the 


front of the tractor 


rp = the loaded front tire radius 


ات 


The first step in analyzing this free body diagram was to sum 
the moments around point E: 


1 t t 
0 = RWB(y = ri) + FWE(y - re) - wto(y -y) 


— M. = 
ze E r 


Rearranging terms: 


J 


1 t 
یس‎ = y *wi, = RWB*y = RWB*r, + FWB*y - FWB*r, 


١ ۴ 
y#w+t, + RWB*r + FWB#T p = y (wt, + RWB + FWB) 


s 
1 
4 
* 
= 
ct 


+ RWB*r + FWB*r, 
r ag 


wt. + RWB + FWB 


D=y -r 
N Z 
D = y*wt + RWB*r_ + FWB* = 
D y*wb. PE. Te T. 


In making this free body diagram the assumption was made that 

all of the ballast that was added was put on in the form of 

cast iron wheel weights or liquid in the tires. This assumption 
allowed these added masses to be thought of as being concentrated 
at the center of the axles. All of the variables in the above 
expression for D were found from the Nebraska Tractor: Tests 

except for the radius of the tires which required a table that 

gave the appropriate radius for the tire size given in the 

Nebraska Tractor Test. Sometimes ballast was added in the Nebraska 


Tractor Tests in the form of "suitcase weights", or cast iron 
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weights placed at the front of the tractor. If this was the 


case, it became necessary to look at the following free body 


diagram: 


| 

I 

| Figure 8. Free Body 
| Diagram of 
| Suitcase 
| Weights 

| 


laisse anti bûn لهس‎ 


The variables that were used in the free body diagram were de- 


fined as follows: 


FWB = front weight ballast, the ballast weight added to the 


front of the tractor 


re = the loaded front tire radius 


Suites = the horizontal distance from the center of the rear 
axle to the location of the center of gravity of the 


suitcase weights 


If there was a note in the Nebraska Tractor Test that the front 
ballast was added in the suitcase form, it became necessary to 
change the distance rp to rp + Suites as was evident from an 
examination of the free body diagram above for the moment arm 
of FWB. In order to take this suitcase weight option into 


account, the term Tp was replaced by the quantity rp + suites 


as shown below: 


D = yw. + ج82‎ + FWB (Fr, + suites) ېي‎ r 


wt. + RWB + FWB 


This equation for D allowed for the case where there ۵ 
Suitcase weights and therefore suitcs was set equal to zero, 
and also allowed for the case where there was suitcase weights 
and this distance was used as a value for suites. To get a 
good value for suitcase if there was suitcase weights, it 
would have been necessary to go to the tractor and measure 
the vertical distance from the center of the front axle to the 
center of gravity of the suitcase weights. 

The only variable left that had not been determined was P, 
the horizontal component of the drawbar pull. One of the first 


questions that arose was how much more can a tractor pull 


EL 


^ 


when operating on a 


-30- 


slope compared to operating on level ground 


due to the weight of the tractor shifting to the rear which 


allowed the tractor to pull more. 


material available on work done in this area, 


Since there was not much 


it was assumed 


that the maximum amount of pull the tractor could develop on 


a slope was exactly equal to the greatest amount of pull it 


could develop on level ground. 


power, traction, 


It was also not known if engine 


or stability governed the maximum amount 


of pull so the decision was made to use the Nebraska Tractor 


Test and Frank Zoz's traction chart to analyze the situation. 


The best way to describe how these tools were implemented was 


to examine the following flow chart which was the end result 


of the analysis: 


| Get all information | 
i on tractor from | 
| Nebraska Tractor | 
| Tests including | 
| slip & DBHP on | 
| concrete 


Calculate DBHP - 
AHP 

a constant value 
L 


Calculate AHP 
(know DBHP) 
0: چمچ سد‎ MESI MGE ee, 
OPTIMA, dS ا‎ 
Pick a high value 
of slip on soil 


Calcuiate DBHP | 
AHP | 
on soil | 


| Calculate actual | 
speed | 


| ا 


Figure 9. 


| Calculate pull | 
avc E E XURDE NARÊ NEGERE 


Calculate DBHP | 
from actual speed | 
| and pull | 
— M 
| Calculate AHP 


| required | 


| 
وو تل يي ې لد يي نن نس کي‎ 
| Check to see if 
۱ tractor nas that 
| much AHP available | 


| Pick some values of 


B rangine from 0 
to r4 


| Calculate 6 
Increment 中 (angle of soil) 


and check for stability in 
each case 


FL 


The first step in the flow chart was to get all of the measure- 
ments of distances and weights necessary for the rest of the 
calculations in the flow chart. The next step was to get the 
slip and the horsepower developed on concrete for any gear of 
interest from the "Maximum Power in Selected Gears" section of 
the Nebraska Tractor Test. The next step was to calculate the 
tractive efficiency, DBHF/AHP, of the tractor on concrete. 
Since Hunt had developed the equations for relating slip and 


tractive efficiency for Zoz's traction chart, it then became 


Q 


possible to calculate the tractive efficiency knowing the slip 


recorded on concrete by the following equations: 


TE = (-(A&*slip-*CC)*SQRT((AA*Slip-4CC)**2-L* (BB*Slip*Slip-4DD*Slip-* 


EE)))/2 
TE = tractive efficiency, decimal 


Slip = drive wheel slip, decimal, slip on concrete from the 


Nebraska Tractor Test 


AA = 5,124 

BB = 6.556 

CC = -1.596 

DD = -5,376 | 
EE = .6450 


Since the value of the tractive efficiency was now known and 


-5e- 


the value of the drawbar horsepower was known from the Nebraska 
Tractor Test, the decision was made to use the following equations 


to determine the maximum axle horsepower available to the wheels: 


AHP - DBHP 
TE 
AHP - axle horsepower 


DBHP - drawbar horsepower 


TE = tractive efficiency on concrete, decimal 


It was now possible to calculate the AHP, the axle horsepower, 
which was the maximum amount of power available to drive the 
rear wheels. The main objective was to determine how much pull 
the tractor would develop on a given soil with a given hitch. 
The decision was made to use ihe approach of picking a high value 
of slip on the chosen soil type and hitch type and then calcu- 
lating the axle horsepower needed to run a given tractor with 
this slip. If the axle horsepower required was more than the 
amount we had available, it was decided to try a lower value 

of slip and claculate a new required axle horsepower. This 
process of lowering the slip was repeated until the point was 
reached where the axle horsepower required to operate at that 
Slip was equal to or less than the amount of axle horsepower 


that was available. 


The next step in the flow chart was to pick a high starting 
value of slip for a given tractor operating on a given soil 
with a given hitch type. Since Zoz's traction chart only went 
up to slips of 30%, the decision was made to use 30% slip as 
the starting point. The soil types that were used were the same 
ones that Zoz used on his traction chart and they were firm, 
tilled, and sandy. The hitch types that were used were also 
the same ones Zoz used on his chart and they were integral, 
seim-integral, and towed. 

Since a value of slip had now been obtained, it was possible 
to use Hunt's equations of Zoz's traction chart to calculate 
the tractive efficiency using the equations below which had 


different coefficients depending on the chosen soil type and 


hitch type: 
TE = 
TE = the tractive efficiency, decimal 


S = drive wheel slip, decimal 


A B C D E 
concrete 5,121 6.556 -1.596 - 5.376 „ 6450 
firm soil 6.928 12.00 -1.129 -7 , وبا‎ „3895 
tilled soil 6.928 12.00 - 7369 -7.355 «2375 
sand 8,000 16.00 -.2280 -8.772 .1812 


flies ' 


t was now possible to calculate the actual travel speed of 


۲ 


the tractor on the soil it was operating on by the following 


equations: 


Slip = noload - aloads 
noload 


Rearranging terms: 


Slip = 1 = 58 


aloads = noadad*(1 Ü Slip) 


aloads = actual load speed, speed of the tractor with a load 


operating on the given soil, mph 
P cing 


noload = no load speed, advertised speed of the tractor in the 


gear chosen from the Nebraska Tractor Test, mph 


Slip = drive wheel slip, it was the value that was picked, decimal 


The next block in the flow chart was the calculation of 
the drawbar pull. Since the slip was known, it became possible 
to calculate the pull by using Hunt's equations of 2۵2۲ 5 traction 
chart that related slip to the quantity drawbar pull divided 


by rear tractor weight: 


لر تي 


Slip = د‎ NA - DBPull 
B*SRAW 


Slip = drive wheel slip, decimal 


DBPull = drawbar pull(same units as SRAW) 


SRAW = static rear axle weight of tractor(same units as DBPull) 
concrete firm 

A B A B 
R= .25 0165 37.85 int. . 388 TY. 
R = 20 166 35.81 semi- „333 8.23 
R= 6 466 35.12 towed 0ء‎ 8.45 

tilled sand 

A B A B 
int. „ 348 5,54 «303 4,12 
semi- . 321 6.40 4245 km 62 
towed „322 5,69 „297 3.72 


R = ratio of the drawbar height to the wheelbase in a concrete 


operating comdition 


since the value of the drawbar pull and the speed was known, 
it was then possible to calculate the drawbar horsepower 


developed by the tractor in soil: 
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DBHP = (DBPull*aloads* 5280) /(3600*550) 


oO 
bd 
rd 
e 
۲ 
لا‎ 
M 


the drawbar pull calculated earlier, pounds 
aloads = actual load speed calculated earlier, mph 


DBHP = drawbar horsepower developed by the tractor on soil 


The last step was to calculate the axle horsepower required. 
Since the tractive efficiency and the drawbar horsepower were 
known, it was possible to calculate the required axle horse- 


power by the following equations: 


TE = DBHP 


一 -一 -一 一 一 


RQDAHP 
Rearranging terms: 


RQDAHP = DBHP 
TE 


DBHP = drawbar horsepower calculated earlier, horsepower 
TE = tractive efficiency on soil calculated earlier, decimal 


RQDAHP = required axle horsepower, horsepower 


It now became possible to check if the tractor had enough 
axle horsepower available to meet the required axle horsepower 
that was just calculated. If it did not, the next step was to 
go back and pick a lower value of slip and go through the whole 
process again. If it did have enough axle horsepower, the 


maximum pull the tractor would generate for the conditions 


a) 


yt 


chosen became the previously calculated value. 

After going through all of the derivations above, it then 
became possible to calculate FWD and determine the stability 
of the tractor. The best approach to making all of these cal- 
culations was to develop a simple computer program that per- 
formed these calculations very fast and allowed for the many 
different operating conditions that were of interest to the user 


of tbe.program; دد‎ 
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Development of the Fortran Computer Program 


The best method of performing all of the calculations that 
were involved in predicting tractor stability was to write a 
Fortran computer program, The main goal ln writing this program 
was to make it as simple as possible and to set up the program 
in such a manner that all the input information the user needed 
to use in the program was available from one sheet of paper that 
contained the Nebraska Tractor Test results for the tractor model 
in question. The program was written in Fortran and was run 
on an IBM 360 computer at the University of Illinois. The best 
method of explaining this program was to present the whole program 
and then go through and break down the program step by step and 


explain the function of each statement in the program. 


AL 
8, ,CGRAVY 71 , NOLOAD 
7 ci LEE RWB , mt Sod LOAD, 
xuya sê , ۲۱۵85۲۴۴, 5 , ORGLET”, 
PRINTE THT CERAVY. 
127 2 * 7 T + 
7 مت 06ھ‎ 
se ORAL ph. SOIL’, 5× ۲۷۵۱۵۸۵۶ AX, HITCH, TX, WB, 
a 9 FFINTES, SOIL, NDLDAD,HITCH,WB,SRAw, 
12 83 POR Tto r dk ۴30۵ء‎ yS EIX, 各， KAZA 24۳6, 
= E ga PRENTES , n D | 
a Lê Pé Mi 4 - e # 更 
有 DX ۴؟‎ TIRE’, م5‎ ۲ 5۲۸5۴ , 5x, 
13 رر ا ہے‎ eke ee eG ENS یا‎ 
— —— 14. BS ۶0۵8 ۷۸ ۲۲۶۵۶11 ETO IX] 2 AX FEO, AX Fo my) (۰ 
15 IF(RKTIRE,EQ,S9516)RKRADIISIS,P 
16 IF )۹۲۲6 ۵16416186۸0115 
17 IF )811 8, ها‎ 852408۸011۶1 6,2 ۱ 
4 8 IE(STIRE ES 9520185 ٧٣0115:19و#‎ 
一 19 IE RTIRE ES 112200 RRAD TELS 9 
+ TFIRTIRETEO ل‎ ۵ 
= Be 1۴ )# ۲۱8۴۶۰۶ ۵۰1۸920۱88۸011 48 " 
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SENTRY ۱ 
GEAR CSLIP DBHP 28 BLSTWT CGRAVY 
5 وین‎ s +57 62+ ہو‎ 
SOIL NOL OAD HITCH we SRAW SF ۸ 
2. 2,52 | - 87,52 8178, 2592, 
RY PRE FFIRE —_grease RUB- FWB- 
18434, 759818, 2,28 3164, 152, 
RRADII FRADII 
29,40 15,98 
BCTGRÉ 86 ۷ 
وج‎ Bede 
TRACTIVE EFFICIENCY ON CONCRETE 
25 
AXLE HOS Se PONE چم‎ 
66,13 
0881 موو‎ RGDAHP SLIP 5ھ‎ TE ON SOIL 
8348, 41,74 65, 19 0,5 18 abd 
Û با ها‎ 
2,45 
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H THETAS 
PN 24. 31,02 


1 قم‎ FWD PHIS 
2590, 2594, 9 
Pus F WÛ. PHIS 5 ê ^2 Rû Ê : 
قم‎ FWD PHIS 
2271, 2271, à. = 


FWS FWD PHIS 


F WD PHIS‏ . ام 
,8 ,1941 ,1941 
REIS‏ و ام 5 لام 
i772, 12,‏ ,1772 
Fws F WD PHIS Pu - 1‏ 
و 12 ,1681 .1521 
FWS FWD PHIS‏ 
ث5 م 8 2 4 1 ,1425 
Fus rad PHIS‏ 
,15 و 1254 ,1254 
EWS pup PHIS‏ 
,18 ,1278 ,1978 
FWS F WÛ PHIS‏ 
236 ,969 ,368 
PHIS‏ د دیا Fus‏ 
224 .722 ,722 
E wS F WÛ PHIS‏ 
,24 ,343 ,543 
5ع Fup-‏ — ھ < 
و 5 2 ,363 ,363 
1 
F ۷ PRIS‏ 5 با ع 


Wud 


Fws ۴۵ PHIS 
۰179 2179, 32, 
H THETAS 

31,45 هبجبع 

Fas FWD PHIS 


Fas Fwd PHIS 
1621, 1321, 12, 
چ اع‎ ` Fup PHIS 
1428, حب ھا‎ 14, 
Fus F WÛ PHIS 
۶ نا‎ 5 FWD. PHIS 
1278, 13, 


ahs 


FAS FWD C PHIS 
9298, hea, 2a, 
eî 8م‎ FWD PHIS 
— h سر ني‎ 
Fas F WD PHIS ' 
ل‎ agg ee و‎ r aI 
S43, 262, 24, | 
FANS هبيع‎ — pH 
363, Be, 25, 
TE FWD PHIS 
182, «98, 28, 
H THETAS- 
5,884 324,23 
Fug FWD PHIS 
2592, 2329, a, 
FWS FWD PHIS 
— — 2432, ` 148714 By 
FWS FWO PHIS 
2271, 1712, 4 و‎ 
2197, i946, b, 
Fus FAD PHIS 
1941, ` 13828, 8B, 
FWS FWD PHIS 
1772, 1211 م‎ 12, 
FWS ۴ HO PHIS 
1681, 1240, 12, 
ومع‎ Fu PHIS 
3 1428, B67, و14‎ 


e š _ 0 ته سر کن‎ S = SS 
8م‎ ۴۷۵ PHIS 
1254, 693, 16. 
FWS Fan PHIS 
#74 پ7 پچ ہے پ‎ ay 
FWS ۶۵ PHIS 
932, 339, 2۷ و‎ 
ل ههک وس هبام‎ 
722, 151, 226 
Fus FWD PHIS 
7 5 4 5 م‎ aia, 24 و‎ 
8,82 28,78 
ETT Fwd PHIS 
2594, 1749, Qe 
FAS FWD PHIS 
2432, 1581, ہے ہے‎ 
۴ ما‎ 5 Fup PHIS 
2271, 1429, 4 a 
Fw FWG I$ ~ 
27 1255, وأ‎ 
5م‎ FWO PHIS ۲ 
1941, 1299, 8۰ 
FAS Fup PHIS 
1772, 331, Lay 
Fa هع‎ PHIS 
1501, 764, 12, 
3 ES Fi PHIS 
1428, 387, 13, 
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ELIT FWD PHIS 
1254, 412, 15, 
FAS FWD PHIS 
4278, 234, i5, 5 
FWS Fwo PHIS 
و922‎ 59, 28. 
FAS FWD PHIS 
722, „123, 22, 
H THETAS 
11,76 27,28 
EW8 Fup PHIS 5 
2594, 1468, 2, 
FS FWD PHIS 
2432, 1312, 2, 
F us FuD PHIS 
2271, 1149, په‎ —— n سس‎ 
FWS FWD PHIS 
2197, 985, ó, 


و1941 


819, Š, 
_Fws Fwd PHIS 
1772, ~~ 659, 12, 
FWS F WÛ PHIS 
pH ae. ب‎ 
ويام‎ F WO PRIS 
1428, 387, 14, 
کچ لاچ‎ FW) PHIS 
i 1254, 132. 16, 
FAS F WO PRIS 
1978, « 4ã û 18, 
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H IHEIAS 

14,72 25,73 
FS FWD PHIS 
2594, 1188, 3 
FWS FWD PHIS 
2432, taza, م۸2‎ _ 
کچ نام‎ FWD PHIS 
2271, 859, 4۰ 
ES FD. —pHIS 
2187, 795, Š ç 


1941, 538, Sa 
FW3 FWD PHIS 
1772, 372,— 12, 
ام هام‎ PHIS 
15281, 199, 12, 
; 7 BH 
— ——— FH +$---- 
1328, 26. 14, 
Fug F ub PHIS 
1254, =149, 16, 
E THETAS 
17,44 24,15 
FWS Fun PRIS 
2594, 927, 2, 
Fus Fap PHIS 
a f E 
2432, 143, 2 
FAS FWD PHIS 


ونكت 


EuS pug PHIS 
2127. 424, 3 
F w5 FWD PHIS 
1941, 258 و‎ 8, 
FWS FWD PHIS 
۶ 5 FWD PHIS 
1521, ۰ 82 و12 و‎ 1 
H THETAS 
جو وج‎ —22453- 
2 با‎ 5 ۴ WÛ PRIS 
2596, 527, 8, 
Ewa Feb PAIS 
2432, 465, 2. 
FWS m PHIS > 
2271, 308, 7 
FWS F WD PHIS 
21 م7‎ --444- b. 
Fug FAD PHIS 
1341, „23, Š, 
hi THETAS 
23,52 22,47 
Fu F WD PAIS 
2593, 346, 2. 
Fu Fp. BHIS 
2432, 188, 2, 
E 0م‎ PHIS ai 9 
و27‎ a, 


s= بو‎ 


NEN m 
: FWS FWD PHIS 
VEU D #37, Ér 
H THETAS 
26,46 19,17 
FWS Fu PRIS 
FWS Fwd PHIS- 
2432, -92, 2 و‎ 
H THETAS 
_ 29,8 17,43 aie - 
Fus ونام‎ PHIS 
2599, «2153 و‎ 2 « 


It was also necessary to use the following Nebraska Tractor 


Test to aid in the explanation of the computer program: 
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NEBRASKA TRACTOR TEST 1225—FORD 7600 DIESEL 16-SPEED 


POWER TAKE-OFF PERFORMANCE 


-一 


Crank- Fuel Consumption Temperature Degrees F 
5 shaft Gal Lb Hp-hr Air Air Barometer 
۳ Hp speed per per per Cooling wel dry inches of 
۱ rpm hr hp-hr gal medium bulb bulb Mercury 
` MAXIMUM POWER AND FUEL CONSUMPTION 
Rated Engine Speed—Two Hours (PTO Speed—1020 rpm) 
84.79 2100 5.399 0.446 15.70 199 60 15 28.890 
Standard Power Take-off Speed (1000 rpm}—One Hour 
85.16 2059 5.338 0.439 15.95 200 62 75 28.870 
VARYING POWER AND FUEL CONSUMPTION—Two Hours 
75.68 2204 5.118 0473 9 196 62 7 T 
0.00 2334 1.559. ېد > اكد‎ 176 61 I9  . w 
39.18 2282 3.463 0.619 11.31 178 58 40 ۱-۱-٣۸ 
86.38 2100 5.521 0.447 5 204 60 76 xas 
19.82 2310 2.542 7 7.80 174 60 Z5 س‎ 
_ 57.93 2249 4286 0.518 13.52 182 60 r¬ SEWRE NN 
Ay 46.50 2246 3.765 0567 12.35 185 60 75 28.840 
DRAWBAR PERFORMANCE 
Fuel Temp Deyrees د‎ 
Draw- Speed Crank- Slip Consumption Burome- 
bar miles shaft of Gai Lb Hp-hr Cool- Air Air ter 
HP pull per speed. drivers per per per ing wet dr» inches of 
Ibs hr rpm ^S hr hp-hr لمع‎ med bulb bulb Mercury 
Maximum Available Power—Two Hours 8th (SPD) Gear 
65.33 5425 4.36 2100 10.98 5.251 0.563 1244 5 34 62 28.810 
75% of Pull at Maximum Power—Ten Hours 8th (SPD) Gear 
54.62 4280 4.79 2228 7.81 4.640 0.595 11.77 168 45 55 29.016 
50% of Pull at Maximum Power—T wo Hours 85h (5PD) Gear 
38.44 2864 5.03 2282 529 3.876 0.706 9.92 167 40 46 85 
50% of Pull at Reduced Engine Speed—Two Hours 12th (6DD) Gear 
35.32 2838 5.06 1430 5.29 2.840 0.519 13.50 6 44 54 29.010 
: MAXIMUM POWER IN SELECTED GEARS 
55.92 7779 2.70 2241 14.83 Sth (PD) Gear 169 33 36 29.270 
6362 6795 3.51 2098 13.90 7th (4PD) Gear 172 56 59 . 28.720 
66.48 $702 4.37 2099 10.63 8th (SPD) Gear 174 $3 62 28.790 
67.95 4543 561 2100 8.07 {Oth (6PD) Gear 175 55 60 28.720 
6.04 3485 7.28 2101 5.93 2th (6DD) Gear 174 34 60 28.710 
60.78 2453 10.21 2101 4.42 13th (7PD) Gear 174 533 61 28.710 
LUGGING ABILITY IN RATED GEAR (8th or SPD) 
Crankshaft Speed rpm 2099 1892 1681 1470 1254 1039 
Pounds Puil 3702 6220 6658 6721 6368 5592 
Increase in Pull 95 0 9 i7. 18 12 -2 
Horsepower 66.48 64.31 60.14 52.87 43.23 32.19 
Miles Per Hour 4.37 3.88 3.39 2.95 2.55 2.16 
Slip of Drivers % 10.63 12.08 13.42 13.90 12.81 10.95 
; TRACTOR SOUND LEVEL WITH CAB dB(A) 
Maximum Available Power 2 Hours 84.5 
+ of Pull at Max. Power 10 Hours 85.0 
F73 of Pull at Max. Power 2 Hours 84.5 
S75 of Pull at Reduced Engine Speed 2 Hours 80.5 
B.stander in l6th (8DD) gear 86.0 
TIRES, BALLAST AND WEIGHT With Ballast Without Ballast 
Rear Tires —No., size, ply & psi Two 18.4-34; 6; 16 Two 18.4-34; 6; 16 
- Ballast —Liquid 1080 Ib each None 
Cast Iron 500 1b each None 
Front Tires —No., size, ply & psi Two 7.50-18; 6; 40 Two 7.50-18; 6; 40 
Ballast —Liquid None None 
Cast Iron 80 Ib each None 
Height of drawbar 22.0 inches 22.0 inches 
Static weight with operator—rear 8170 lb 5010 lb 
front 2590 Ib 2430 jb 
total 10760 1b 7430 ib 


“zontal distance forward 


‘plate dry disc operated by foot pedal 


Department of Agricultural Engineering 
Dates of Test: September 22 to October 3, 
Manufacturer: Ford Motor Company, Tractor 
Operations, 2300 East Maple Rd.. Troy. Michi- 
gan 48084 
FUEL, OIL AND TIME Fuel Diese! No. 2 
Cetane No. 51.8 (rating taken from oil company's 
typical inspection data) Specific gravity converted to 
607/60? 0.8406 Fuel weight 6.999 Ibs/gal Oil SAE 
30 API service classification SB/SE CA/CD To 
motor 1.950 gal Drained from motor 1.435 gal 
Transmission and final drive lubricant Ford 
M-2C53A Total time engine was operated 51 hours. 
ENGINE: Make Ford Type 4 cylinder vertical 
diesel Serial No. *F080815* Crankshaft mounted 


` lengthwise Rated rpm 2100 Bore and stroke 4.4" x 


4.2° Compression ratio 15.6 to 1 Displacement 255 
cu in Cranking system 12 volt Lubrication pressure 
Air cleaner paper and felt elements with centrifugal 
precleaner and dust evacuator Oil filter cotton 
blend. screw-on cartridge Oil cooler engine coolant 
heat exchanger for crankcase oil radiator for 
hydraulic and transmission oil Fuel filter nylon 
gauze in bottom of tank and paper element Muffler 
vertical Cooling medium temperature control 
thermostat, 

CHASSIS Type standard Serial No. 
Tread width rear 560" to 80" front 52" to 
Wheel base 87.5" Center of gravity 
operator or ballast, with minimum tread, with tuel 
tank filled and tractor serviced for operation) Hori- 
from center-line of rear 
wheels 28.5" Vertical distance above roadway 39.9" 
Horizontal distance from center of rear wheel tread 


C510283 


(wil hert 


. 0" to the right/left Hydraulic control system direct 


engine drive Transmission selective gear fixed ratio 
with partial (2 range) operator controlled power 
shitt Advertised speeds mph first 1.2 second 1.4 
third 1.5 fourth 1.9 fifth 2.5 sixth 3.2 seventh 3.5 
eighth 4.2 ninth 4.5 tenth 5.2 eleventh 5.J twelfth 
6.7 thirteenth 9.1 fourteenth 11.7 fifteenth 5 
sixteenth 16.1 reverse 1.7, 2.1, 5.8, 7.7 Clutch single 
Brakes 
multiple wer disc operated by two foot pedals which 
can be locked together Steering power assist 
Turning radius (on concrete surface with brake 
applied) right 1207 left 120" (on concrete surface 
without brake) right 138" left 138° Turning space 
diameter (on concrete surface with. brake applied) 
right 252" left 252" (on concrete surface without 
brake) right 291" left 291" Belt pulley 1072 rpm at 
2050 engine rpm diameter 11” face 6.5" Belt speed 
3087 fpm Power take-off 540 rpm at 1900 engine 
rpm and 1000 rpm at 2059 engine rpm. 

REPAIRS AND ADJUSTMENTS: Alternator 
support bolt was found to be broken after pto tests. 
This was repaired and tests continued. 

REMARKS: All test results were determined 
from observed data obtained in accordance with 
SAE and ASAE test code or official Nebraska test 
procedure. Temperature at injection pump inlet 
was 160?F. Six gears were chosen between 1575 
slip and 15 mph. 

We. the undersigned, certify that this is a true 
and correct report of official Tractor Test 1225. 
LOUIS L. LEVITICUS 

Enyineer-in-Charge 

G. w. STEINBRUEGGE 

W. E. SPLINTER 

K. VON BARGEN 

Board of Tractor Test Engineers 
The Agricultural Experiment Station 
Institute of Agriculture and Natural Resources 
University of Nebraska— Lincoln 
H. W. Ottoson, Director 


The first statement that was used in the program was as 


shown below: 


FS 
n REAL ۸۲ 


This statement made the variable NOLOAD a real value in 


Fortran. 


2 GEAR + Û Si PU 
. «BEA ۳ L yi m 


GRAVY,SOIL,NOLOAD, 
۸087 +t iB 


Ree RE STCASE pRIB FN 


This statement was used to get all of the required input 
parameters for the program. GEAR was the variable that meant 
what gear the tractor was operating in and was chosen from the 
“Maximum Power in Selected Gears" section of the Nebraska Tractor 
Test. Fifth gear was chosen from the previous Nebraska Tractor 
Test and this value of^5,was put on thesfirst data card. 

CSLIP was the variable that stood for the value of slip 
that was recorded on the Nebraska Tractor Test on concrete in 
the gear selected above, The value that corresponded to fifth 
gear was 14.83% and .1483 was entered on the second data card. 

DBEP was the variable that stood for the amount of draw- 


bar horsepower that was recorded on concrete in the gear selected 


-53- 


above. The value that corresponded to fifth gear was 55.92 and 


m 
ck 
m 
Q 
m 
H 
6 


was recorded on the third 8 

ORGLWT stood for the original weight of the tractor without 
ballast. This value was found at the bottom of the Nebraska 
Tractor Test and for the Ford 7600 Diesel it was 7440 and was 
recorded on the fourth data card. 

BLSTWT stood for the ballasted weight of the tractor. This 
value was also found at the bottom of the Nebraska Tractor Test 
and its value for the Ford 7600 was 10760 and was recorded 
on the fifth data card. 

CGRAVY stood for the center of gravity of the tractor in 
the y direction or the vertical Girection. This value was 
also found on the Nebraska Tractor Test and its value was 39.9 
and this value was recorded on the sixth data card. 

SOIL was the soil type the tractor was operating in. The 
choices that were used for the different soils were 2, which 
stood for firm soil, 3, which stood for tilled soil, and L, 
which stood for sandy soil. The user of the program could 
choose to use 2, 3, or 4. The value that was used for the Ford 
7600 was 2, firm soil, and 2 was recorded on the seventh data 
card. 

NOLOAD was the advertised speed of the tractor in the 
gear chosen above and was found in the Nebraska Tractor Test. 
For the Ford 7600 in a gear, the advertised speed was 2.5 
miles per hour and 2.5 was recorded on the eighth data card. 


HITCH stood for the hitch type the tractor was operating 


ls 


with. The choices that were available in this program were 

1, which was an integral hitch, 2, which was a semi-integral 
hitch, and 3, which stood for a towed hitch. The user could 
choose 1, 2, er.3, and an integral hitch, or 1, was chosen for 
the Ford 7600 and 1 was recorded on the ninth data card. 

WB stood for the wheelbase of the tractor and was also 
found on the Nebraska Tractor Test. For the Ford 7600, the 
wheelbase was 87.5 and 87.5 was recorded on the tenth data card. 

SRAW was the static rear axle weight for the ballasted 
tractor and was found from the Nebraska Tractor Test. For 
the Ford 7600, the SRAW was 8170 and 8170 was recorded on the 
eleventh data card. 

SFAW was the static front axle weight for the ballasted 
tractor and was also found from the Nebraska Tractor Test. For 
the Ford 7600, the SFAW was 2590 and 2590 was recorded on the 
twelfth data card. 

RTIRE stood for the rear tire size and was found from the 
Nebraska Tractor Test. The tire size was entered without any 
semi-colons or dashes in it and only the first numbers up to 
the first semi-colon were used so it was just a number. For 
the Ford 7600, the rear tire size was 18.4-34;6;16 so the number 
18434 was entered on the thirteenth data card. 

FTIRE stood for the front tire size and was found from 
the Nebraska Tractor Test. It was also entered exactly the 
same way as the rear tire above. For the Ford 7600, the front 
tire size was 7.50-18;6;40 so the number 75018 was entered on 


the fourteenth data card. 


STCASE 
on the front 
the Nebraska 


the value of 
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was the variable that accounted for "suitcase" weights 


of the tractor. The type of ballast used was on 


Tractor Test. If there were no suitcase weights, 


SUITCS equalled zero and for the Ford 7600 this 


was the case and 0 was entered on the fifteenth data card. if 


there was suitcase weights, the user would have to go out and 
measure the vertical distance from the center of the front axle 
to the center of gravity of the suitcase weights and record 
this value in inches on the fifteenth data card. 

RWB was the rear weight ballast, or the total ballast 
added to the rear of the tractor found from the Nebraska Tractor 
Test. For the Ford 7600, 1080 pounds of liquid ballast and 


500 pounds of cast iron was added to each tire. The total 


ballast added to the rear was then 3160 and 3160 was recorded 


on the sixteenth data card. 
FWB was the front weight ballast and was found in the same 


way as the RWB. For the Ford 7600, 80 pounds of cast iron were 


added on each front wheel, so a total of 160 pounds was added 


so.160 was recorded on the seventeenth data card. 


— PRINTERA 
Bü FORMATI? 


۶ 3× ۴52۸5۶۸ ZESLIPY SX, 0806۶۷ *ORGLWT*, 
Yy4X,*RLSTWT* , 4X, * CGRAVY 
PRINTEY GEAR CSLIP, DBHP ORGLWT  BLSTHT,CGRAVY 
EDÊ NA aru MTNINMLUMITEMTS 2,4 
TIYE 
7 PRINTB2 ۱ ۱ 
B 82 FORMAT )۶-۰ 3X, SOIL شه 0 اهلا ,لاك,‎ 22, 4X, HITCH”, 7X, WB, 
۶ ,لام‎ 5۴ ۸ ۶( 
9 PRINTES SOIL NOLOAD H دی‎ WE, BRAW, SERM. 
ë 83 FORMATE, AX, P3 06۴5 0 TX, F3,0 SX PFO 24X, ۰ 
لالا‎ FS.) 
l> ماع‎ 
H Bü 0۵6۷۸5 )۶۰۶ EX, "RTIRE', SX, ۶۴۲ 18۶,5۷ 6۷۰ 
۷۶5۷۷ FWB? 
۱ 3 PRINTBS,RTIRE ETIRE ع۸8 ج5۳‎ 58×8 FWB m 
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Statements number three through fourteen were simpl 
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cards that instructed the computer to print ou 


The output caused by these 


+ 


the input values it had received. 


of 


statement could be seen at the end of the program. 
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Statement numbers fifteen through sixty-six were "if" 
statements that matched the front and rear tire sizes up with 
the appropriate static loaded radii. This part of the program 
was set up so that the user would only need the Nebraska Tractor 
Test to use the program and he would not have to waste time 
and effort searching for a table of static loaded radii. RRADII 
was the rear static loaded radius and FRADII was the front static 


radius. 


67 PRINTER 

Bo FORMAT ۰۶ x‏ یت شب 
PRINTET 55۸511 FRAD DII‏ وم 
FORMAT('e*, eX, F6, iios‏ جع 72 


Statement-numbers sixty-seven through seventy were simply 
format statements that printed the labels and ihe values of 
the rear tire radius, RRADII, and the front tire radius, FRADII. 
The result of these statements could be seen at the end of the 


program. 


C ۷۵۲ NEED TO CALCULATE CENTER OF GRAVITY WITH BALLAST 
TERY SSF Aii نک‎ 


7 
72 BCTGRYS(CGRAVYwORGLWT*RWBwRRADII*FWB*(FRADII+STCASE))/ 
لا‎ (ORGLWT#RWE+FWB) 


Statement numbers seventy-one through seventy-two calculated 
the ballasted center of gravity. BCTGRX was the ballasted center 


of gravity in the x direction, or the horizontal direction. It 


was measured in the same way as in the Nebraska Tractor Test; 


from the center of the rear axle to the center of gravity. BCTGRY 


was the ballasted center of gravity in the y direction, or the 
vertical direction. It was also measured in the same way as 
in the Nebraska Tractor Test; from the roadway to the center 


of gravity. 


73 PEINTBB e 03802 ê 

RCIGRX + üx, FECIGRYf] —‏ لا --&8-EDÊRAT (f-^‏ :2 کیټ 
PRINTB9,BCTGRX ,BCTGRY‏ 75 
2X; ۶6 2۲۴6 2(‏ ۳5۶۳۵۲۲۲ 89 76 


S+atement mumbers seventy-three through seventy-six were 
simply format statements that labelled and printed the values 


of the ballasted center of gravity. 
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Statement numbers seventy-seven through eighty-three cal- 
culated the tractive efficiency of the tractor on concrete 


during the Nebraska Tractor Test. 


Statement numbers eighty-four through eighty-seven were 


simply format statements that labelled and printed the value 


of TE, the tractive efficiency on concrete. 


BB ۸۲۴۶۶۵8۳8۲ ع‎ 


Statement number eighty-eight calculated the AHP, or the 


axle horsepower that the tractor had available. 


PRINTS? ` ۱ ۱ 
92 FORMAT {f= 2X, AXLE HORSEPOWER®) 


PRH ٩ 
93 ۴۵6۳۷۸۲) ' SX Fe, e) 


نا هی 


Statement numbers eighty-nine through ninety-two were simply 


format statements that labelled and printed the value of-AHP, 


or axle horsepower. 
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SLIPs, 39 


93 


initialized the value of 


Statement number ninety-three 


slip that the tractor was operated in by the user to 30%. 


Ta 


(BB x‏ ۰۵ 2 ۷ 511۶6 د 
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Statement numbers ninety-four through 125 calculated TE, 


ne actual travel speed 


t 


and ALOADS, 


the tractive efficiency, 


This 


pe. 


t 


e slip and the soil 


1 
n 


given the initial value of t 
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part of the program was broken up into three little blocks be- 


cause there were three possible types of soil and tractive ef- 


Statement 


ficiency was dependent on the type of soil used. 


numbers ninety-six through 107 were for firm soil, 108 through 


116 were for tilled woil, and 117 through 125 were for sandy 


Statement number ninety+five decreased the value of slip 


soil. 


hrough state- 


+ 
v 


each time the route of the program was sent back 


ment ninety-five. 
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Statement numbers 126 through 171 separated the operating 
conditions by soil type and hitch type, assigned the right 
constants to each condition for the drawbar pull equation, and 
then calculated the drawbar pull the tractor generated on the 


given soil and hitch type with the given value of slip. 


i t72 DBHPs(OSPULL افع‎ 08535 «528a) /(3600e550) — 


Statement number 172 calculated the DBHP, or the drawbar 
horsepower that the tractor would develop given the hitch 


type, soil type, and value of slip. 


AIRE کا‎ RGDAHPaDBHP/TE — 


Statement number 173 calculated the RQDAHP, or the required 
axle horsepower that was needed to power the tractor with the 


given value of slip. 


174 IF(RGDAHP,.GT,AHMP)GO TO 11 


Statement number 17! checked to see if the tractor had enough 


axle horsepower to meet the amount needed to operate at the given 
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level of slip, If it did have it, the route continued through 
the program. If it did mot have enough axle horsepower, the 
program was routed back to statement number ninety-five. State- 
ment number ninety-five reduced the value of slip and all the 
calculations were made again. This process of lowering the 

slip was repeated until the tractor did have enough axle horse- 
power to operate with the given slip. Once it had enough axle 
horsepower, statement number 174 allowed the route to continue 


on through the program. 


Statement numbers 175 through 178 were simply format state- 
ments that labelled and printed the values of DBPULL, drawbar 
pull, DBHP, drawbar horsepower, RQDAHP, required axle horse- 
power, SLIP, slip on soil, ALOADS, actual travel speed, and TE 


on soil, tractive efficiency on soil. 


129 TOYE(HIICH,EQ.1)DuCz.68 .—— 
13a IF (HITCH, EG.2) ۵ 25 43 
184 18 (HITCH, EQ,3)0WC8,25 


Statement numbers 179 through 181 assigned the values of 


DWC, the dynamic weight coefficient, depending on the hitch type 


7 PRINTSS : 
l> 94 FORMATO E ia asa E 
XSX,*ALDADS" N š 
177 PRINTS 0 کر‎ HHP, ROBAR, d re ALDADS (TE 
178 95 FORM ATA و اي‎ op SX FT, ساي پو مه‎ TP 2,5X,F5.2,5X,F5,.2) 


son 


that was used. 


一 182 PRINT ê 
183 96 FORMAT ("maf 3X DHE} 
134 هم‎ ۲۸ ۲97 DWC : 
185 7 97 FORMAT(*2*,2X,F4,2) 


Statement numbers 182 through 185 were simply format state- 
ments that labelled and printed the value of DWC, the dynamic 


weight coefficient, that had been assigned for the given type 


of hitch. 


Statement number 186 initialized H, the vertical height 
from the soil to the line of application of the total draw- 
bar pull, to a value of zero which meant the line of pull 


passed through the surface of the ground(refer to drawings 


including the distance H). 


EIS 


HI ا 121,11 26 من‎ 
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189 ۲۲۶ ۲ م 5 387 1 ۲۵۸ ۳۲6 ۶ 5 د‎ ! 4 5 
193 وم‎ ۷۲8 
191 5ã FORMAT(” -” , بت‎ * ER 
132 PRINTSS 
13 و5‎ FORMAT(*'-*,2X,* s) 
194 جم‎ ۷ ۲2 
495 98 FÜRMAT(*1',4X,^H*',7X,* ۲۳۵۲۸۵ 
196 PRINTSS,H,THETAS 
137 99 FÜRMAT(*3* , 2X,F7,2, AX, F5,2) 
195 ہج ۲ فام‎ 
199. . BO 2T ب. ` آ هرژول‎ l ۱ "M 
222 FéSz(BLSTWT*COSU(PHI)*8CTGRXeBLST4T* SIN(PHI)*GCTGRY)/w8 
2 1 FAYOSOSPULL * ۲۸۸ ) ۲۲۱۶ ] باما لا ظ 08ھ ۴۷3 ٭ م‎ * ۵ Û ۱ 
222 8 5 
قو اه‎  BRINTT? 
22ã 78 FORMAT(*»',3X, ۴۱5 ,7X, ير "لع‎ ۳۲ 15 * ( 
eas PRINTZ1,FNS,FWD,PHIS 9" 
246 71 FORMATO O, 2X ,FT,0, 3X, F7 ,0, SX pF 50) 
ME 221 Br le PHT ړژ رم هد 2441 کے کو‎ -——————— E€€—— 
228 TIF )۴۱ ۵ ۵اوا (2 » آبام‎ TO 8 à = 
539 27 CONTINUE | 
212 Sà CONTINUE 
211 HaH*RRADII/I8, 
21 2 25 CONTINUE 
“ê 5 STOP 
214 ENG 


Statement numbers 187 through 214 checked the stability of 
the tractor. Statement 187 was the start of a "do loop" that 
incremented the distance H from 0 to the center of the rear 
axle. This meant that the line of pull kept being raised higher 
and higher up on the tractor. Statement number 199 started an 
“internal do loop" that incremented D, the angle of inclination 
of the soil, in two degree increments up to the point where the 
FWD, the front weight dynamic, was equal to or less than zero. 
Since it was an "internal do loop", it incremented the slope 
of the soil from zero đegrees to unstability for each increment 
of H. This allowed us to check not only the affects of 0, the 
angle of inclination of the soil, but also H, the height of 
the line of pull. Statements 188 and 189 calculated 9, the angle 


of pull for each increment. The way that this part of the program 
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was set up meant that the output of the program would be such 
that for each value of H, 9 was a constant and FWS and FWD were 
calculated for each two degree increment of b. This method 

was very apparent after an examination of the form of the out- 
put. Whenever FWD, the front weight dynamic, equalled zero or 


was less than zero, this meant that the tractor was unstable. 
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Results 


The main goal of this study was to come up with a mathe- 
matical model that would predict tractor stability. This 
goal was attained with the Fortran computer program that was 
shown in the previous section of this paper. Since it was not 
the goal of this study to actually study different models of 
tractors, only one tractor was used so the program could be 
tested. The one tractor that was used was a Ford 7600. The 
following results were obtained from the computer program using 
the Ford 7600 tractor with an integral hitch operating on firm 


soil: 


H THETAS 

7 م‎ 9 a 
۴ 3 F ۷ 0 PHIS 
2592, 2592, Be 
FWS -Fup s. PALS 
2432, 2432, و‎ 
Fas ۶ WÛ PHIS 
2271 2871, a, 
5م‎ Fup RHIS 
2 e 2ھ‎ 5a. 
Fus FAD PHIS 
1941, 1941, 8, 
-Fug Ran pnts 


1772. 1772, 12, 


FWD PHIS‏ 5م 
,123 ,1581 ,1621 
FWS FWD PHIS‏ 


FWS FWD PHIS 
1254, 1254, 16, 
هبرع‎ FWD PHIS- 
1278, 1278, 1a, 
FWS FWG PHIS 
922, 933 , 2a, 

2 3 FWD 0 PHIS 
7 224 —? 22, 224 
وم‎ FWD PHIS 
543, 543, 84, 
— Fags ç ě Fup برع‎ 5 
363, 363, 26, 
3 FWD PHIS 
182, 182, 2a, 
Fws F WD PHIS 
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H THETAS 


5 وود 2,94 


Fwo PHIS‏ اھ 
2 ,2312 ,23348 

—— ل 0000 قمع 
Re‏ ,2151 ,2432 
FAS FWD PHIS‏ 
,4 ,1994 2271 
FWS FWD PHTS‏ 
Roo NET be‏ 
FWO PHIS‏ یم 
B,‏ و 569 1 ,1341 

.1 سكسسس Rig. efs‏ — — اج شی 
,12 ,1492 ,17728 
FWS . FWD PHIS‏ 
,12 ,1321 ,1681 
FWS Fun PHIS‏ 
E‏ پل سس و ucc pg‏ 
FWS Fwo PHIS‏ 
i5,‏ ,973 ,1254 
FAO . PHIS‏ و 
,14 ,737 ,12875 
Fus PWD PHIS‏ 
,22 .622 - ,922 
Fwd PHIS‏ اھ 
a2,‏ ج444 پ 22 — 
Fus Fag PHIS‏ 
و24 ,252 ,543 

Fas Fui PHIS بے‎ 
363, Re, 25, 
Fus Fa PHIS 
182, 9 8 28, 
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H THETAS 

5,88 32,23 
E Fwd PHIS 
2598, 2029, a. 
FWS هم‎ PHIS 

— 2432, و1871‎ P 

۶ ۷ 5 FWD PHIS 
2271, 17128, 4, 
—Fus و ېم 2م‎ 
2187, 1546, b, 
قم‎ FWD PHIS 
1941, 1382, و8‎ 
Fws FWD PHIS 
1772, 1211, ı8. 
FAS Fwd PHIS 
1691, 1249, 12. 
— F FH PRES 
1428, 867, 14, 
FAS FWD PHIS 
1254, 593, 15, 
FAS FuD PHIS 
پو ا‎ 547, Lê, 
قم‎ ۴۷۲ PHIS 
320, 339, 22, 
يم‎ FWD PHIS 
722, 161, 22, 
FAS FWD PHIS 
543, وقأه‎ 24, 
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8,82 28,78 
FWS FWD PHIS 
2599 م‎ 1749, 2 
FWS FWD PHIS 
— 4 رود‎ 2+ 
5م‎ Fw PHIS 
2271, 1429, و4‎ 
— E E WD. -PHIS 
2197, 1266, Ë. 
Fws Fwo PHIS 
1941, 1299, و8‎ 
FAS F WD PHIS 


FWD PHIS‏ یم 
,12 ,760 ,1621 
,14 ,547 ,1428 
TT F WÛ PHIS‏ 
15۰ ,412 ,1254 
Fus FWD PHIS‏ 
vo SOIR, 236, 18,‏ 
FAS FWD PRIS‏ 
,28 ,53 ,988 
چ۲ یم Fup‏ ے لام 
2 م۰127 ,722 
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bi 
THET 
7,28 
FWS i-a. عم سب‎ 
2 5 99 p 
l E 1458 یئ‎ 
w3 | | 
FW 
2432 
FWS | : 
2271 "i = 
۱ ۱ 00 PHIS 
wi | 
217 a 
E + 1 
985, W 
5, 


1341, 81 
9 
FWS ۱ | 
۱ a 
1772 3 
۱ ۱ PHIS 
: ] 12, 
FWD | 
t45 a 
1621 los 
7 و‎ +2- 
1428 E 
a : 
387, n 
ü 14 
l 132, d 
ê 16, 
۱ F WD 
„AN wo PHIS 
ETT 
= » 0 
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i THETAS - 
14,78 25,73 
Fus F WÛ PHIS 
2594, 1188, Be 
FW ے‎ F WO PHIS 
— 2432, — 232, 2, 
F4S ۶ د‎ PHIS 
2271, Bad, «d. 
FHS Fun. PHIS 
2127, 785, ba 
به ع ھ2‎ PHIS 
1341, 538, A, 
FHS Fup PHIS 
1772, 7 ig. 
FAS FWD PHIS 
اھ‎ F WD PHIS 
1254, ¬2 1&9, و15‎ 
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Bá THETAS 
17,54 24,15 
FHS FWD PHIS 
2592, 387, Qe 
F48 دږ‎ PHIS 
— 2432, 749, 2. 
F W3 FAG PHIS 
2271, 588, 3, 
RAS FWD PHIS . 
2127, aga, b. 
FHS FAD PRIS 
1341, 258, B, 
FHS FWD PHIS 
1772, 89, 12, 
کم‎ FAD PHIS 
1621, -B82, 12, 
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H THETAS 
22058 22537 
FHS FWG PHIS 
2592, 627, 3, 
24832, 4693, 2, 
FWS FWD PHIS 
2271, 388, 4 و‎ 
۳۷5 Fup PHIS 
FWS Fu) . PHIS 
1941, -23, 8, 


FWS Fwd PHIS 
2596, 346, Be 
Fu 5 ۴۷) مم‎ PHIS 
2432, 188, Ze 
FWS FWÜ PHIS 
2271, 27, 4, 
| FS FWD PHIS 
وسينو تت‎ be 
M TRETAS 
26,46 19,17 
دام‎ FD PHIS 


FAS FWD PHIS 
و22‎ «9a, e. 
H THETAS 
ل‎ #9 , 48 17.43 — 
FWS ۴۷۵۲ PHIS 


2592, 2213, Os 
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Discussion of Results 


One of the most interesting results of the computer program 
that used the Ford 7600 tractor was the affect of the raising 
of the line of pull, or increasing the distance H. When H 
was 0, the tractor reached instability at an angle of soil 
inclination of PHIS equal to 31°. When H was increased to 14.70 
inches, approximately the halfway point from the ground to the 
center of the rear axle(29.4 inches), the tractor reached in- 
stability sooner at approximately 159 of soil inclination. 
When the pull was applied through the center of the rear axle, 
H equal to 29.4 inches, the tractor was unstable at 9م‎ of soil 
slope. This affect of increasing instability with a higher 
line of pull clearly pointed out why designers try to keep 
the line of pull as low as possible. 

Another interesting result was to examine the stability 
when H, the height of the line of pull, was approximately 6 
inches above the surface of the soil. When H was equal to 5.88 
inches, the tractor reached instability at a soil inclination 
angle of approximately 239, This case where H was approximately 
6 inches seemed to be rather close to an actual field situation 
where an integral hitch implement was being used and the line 
of pull would have been expected to have been approximately 
6 inches high. The fact that the program predicted the tractor 
would be unstable at a ground slope of 23° seemed to be a 
reasonable answer. Since it was not possible to run any stability 


tests in an actual field situation with a tractor, the only 


way to get a "feeling" for a reasonable answer was to go by 
actual experience with operating tractors. 239 seemed like 

it was a practical solution and a "ballpark" figure for the 
amount of slope required to have the tractor reach instability. 
If the program had predicted a slope less than 10° or greater 
than 30°, it would have been questionable if the program was 


giving reasonable and practical predictions. 
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Conclusions 


There were seventeen parameters that were needed to determine 


tractor stability in the analysis. These parameters were: 


The gear the tractor was operating in 

The drive wheel slip 

The drawbar horsepower the tractor developed 
The unballasted weight of the tractor 

The ballasted weight of the tractor 

The unballasted vertical center of gravity 
The soil type 

The advertised speed in the gear chosen 
The hitch type 

The wheelbase 

The ballasted rear axle weight 

The ballasted front axle weight 

The rear tire size 

The front tire size 

The location of Suitcase weights 

The ballast added to the rear axle 

The ballast added to the front axle 


It was possible to construct a mathematical model to 
predict tractor stability in the form of & computer 


program. 


The best method of comparing various models of tractors 


was to use the Nebraska Tractor Test results. 


The affect of the height of the line of pull was very 
significant. The higher the line of pull on the iractor, 


the less soil slope was required to tip the tractor. 


-80- 


Summary 


The main goal of this study was to determine all of the 
parameters affecting longitudinal stability of tractors operating 
on slopes. ""his;goal: was accomplishéd.by mathematically analyzing 
the tractor and using Hunt's equation of Zoz's traction chart. 

All of the mathematics involved in determining stability were 
then incorporated into a Fortran computer program. The program 
was written in such a manner that the user only needed a Nebraska 
Tractor Test to run the program. The main reason the Nebraska 
Tractor Tests were used was that they were an excellent means 

of comparing different models of tractors and they were readily 
available to almost any engineer. This program also allowed 

the user to select a wide range of operating conditions in 

that there were three hitch types to choose from and three 

soil types to choose from. This program could serve as an 
excellent tool to the implement and tractor designers as well 

as being an excellent means of studying the possibility of in- 
stalling a mini-computer on the tractor that would instantaneously 
calculate stability and warn the operator when he was approaching 


instability with his tractor. 


-B1- 


Recommendations for Further Study 


As a result of this study, the following recommendations 


were made: 


4, Actual field tests should be run in order to corollate 
the computer's predictions with the actual field results, 


2. Studies should be made comparing the affects of hitch 
types and soil types on stability. 


3. Studies should be made comparing the stability of various 
models(e.g. John Deere, International Harvester, Ford, 
Case, etc.) that were made in a given year. 


4, Studies should be made comparing the stability of modern 
tractors with early tractors(e.g. 1977 John Deere vs. 
1925 Ford). 


5. Studies should be made of the technological and economical 
feasibility of using electronic sensing devices and a 
mini-computer that would instantaneously calculate the 
stability and somehow warn the operator. 


6. Studies should be made and reviews of literature should 
be made to determine the magnitude and the location of 
the line of pull of many typical farm implements. 6 
results should then be tried in the computer program. 
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Appendix A 


Instructions for Future Users of the Computer Program 


This program was very simple to use and only required that 
the user have the Nebraska Tractor Test for the tractor he wanted 
to test. All the user had to do was to type up 17 separate data 
cards, onecentry.on-each card, and.insert them after the SENTRY 
statement in the program. One number was entered on each card. 
Each number was started on column 7 and every number had to 
contain a period. The best way to explain how to find each 
number was to examine each card and use the Nebraska Tractor 
Test for the Ford Diesel 7600 on the following page to show 
where each number came from. 

The first data card was for the gear the tractor was 
operating in. The user could choose any gear shown in the 
"Maximum Power in Selected Gears" section of the Nebraska 
Tractor Test. For the Ford tractor test, he could have chosen 
5, 7, 8, 10, 12, or 13. Once a gear had been chosen, it was 
entered on the first data card. If ge gear had been chosen, 

5. would have been entered on the first data card starting in 
column 7. 

The second data card was CSLIP, the slip recorded on con- 
crete from the Nebraska Tractor Test. The slip value hac to 
sth 


correspond with the same gear chosen above, If gear had 
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been chosen, the slip was 14.83%. This value of Slip was entered 
as a decimal value, so .1483 would have been entered on the 
second data card starting in column 7. 

The third data card was DBHP, the drawbar horsepower re- 
corded on concrete from the Nebraska Tractor Test. The DBHP 
value had to correspond with the same gear chosen above. If 
atn gear had been chosen, the DBHP value was 55.92. This value 
of DBHP was entered as 55.92 on the third data card starting 
in column 7. 

The fourth data card was ORGLWT, the unballasted weight 
of the tractor from the Nebraska Tractor Test. This value was 
found at the bottom of the Ford test and the value was 7440 
pounds, so 7440. was entered on the fourth data card starting 
in column 7. 

The fifth data card was BLSTWT, the ballasted weight of 
the tractor. This value was found at the bottom of the Ford 
test and the value was 10760 pounds, so 10760. was entered on 
the fifth data card starting in column 7. 

The sixth data card was CGRAVY, the vertical center of 
gravity of the tractor. This value was also found from the 
Nebraska Tractor Test and for the Ford it was 39.90 inches, 
so 39.90 was entered on the sixth data card starting in column 
7. | 

The seventh data card was SOIL, the soil type the user 
wanted the tractor to operate on. The user had a choice of 2, 


firm soil, 3, tilled soil, and L, sandy soil. If firm soil 
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was desired, 2. was entered on the seventh data card starting 
7. 


in column 

The eighth data card was NOLOAD, the advertised speed of 
the tractor in the gear chosen above. If goh. gear had been 
chosen, the advertised speed from the Nebraska Tractor Test 
was 2.5 mph, so 2.50 was entered on the eighth data card starting 
in column 7. 

The ninth data card was HITCH, the hitch type the user wanted 


th 


(1) 


tractor to operate with. The user had a choice of 1, integral 
hitch, 2, semi-integral hitch, or 3, towed hitch. If an integral 
hitch had been chosen, 1. would have been entered on the ninth 
data card starting in column 7. 

The tenth data card was WB,:the wheelbase of the tractora " 
This value was found from the Nebraska Tractor Test and for 
the Ford, 87.50 was entered on the tenth data card starting 
in column 7. 

The eleventh data card was SRAW, the ballasted weight of 
the rear axle. This value was found from the Nebraska Tractor 
Test and for the Ford, 8170. was entered on the eleventh data 
card starting in column 7. 

The twelfth data card was SFAW, the ballasted weight of 
the front axle. This value was found from the Nebraska Tractor 
Test and for the Ford, 2590. was entered on the twelfth data 
card starting in column 7. 
The thirteenth data card was RTIRE, the rear tire size 


from the Nebraska Tractor Test. 
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size was 18.4-34. In order to enter this for the computer, all 
of the periods and dashes were taken out, so for the Ford, the 
RTIRE was equal to 18434, so 18434. was entered on the thirteenth 
data card starting in column 7. The user could check to see if 
he was entering the right form of the number by looking at the 
long list of "if" statements in the program for FTIRE and 

make sure that they matched. 

The fourteenth data card was FTIRE, the front tire size 
from the Nebraska Tractor Test. For the Ford, the front tire 
size was 7.50-18. This number was entered in the same form 
as RTIRE. For the Ford, FTIRE was entered as 750138 the 
fourteenth data card starting in column 7. 

The fifteenth data card was STCASE, the vertical location 
of the center of gravity of suitcase weights if there were 
suitcase weights. If there were no suitcase weights as was 
the case of the Ford, 0. was entered on the fifteenth data 
card starting in column 7. If there were suitcase weights, 
the user would have had to go out and measure the vertical 
distance from the center of the front axle to the center of 
gravity of the suitcase weights in inches and enter this value 
on the fifteenth data card starting in column seven. 

The sixteenth data card was RWB, the total ballast added 
to the rear axle from the Nebraska Tractor Test. For the Ford, 
1080 pounds of liquid and 500 pounds of cast iron were added 
to each wheel, so the total ballast added to the rear axle was 


3160 pounds. 3160. was entered on the sixteenth data card 
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starting in column 7, 

The seventeenth data card was FWB, the total ballast added 
to the front axle from the Nebraska Tractor Test. For the Ford, 
80 pounds of cast iron were added to each wheel, so the total 
ballast added to the front axle was 160 pounds. 160. was entered 
on the seventeenth data card starting in column 7. 

The following copy of the data cards used for the Ford 
7600 with an integral hitch and operating on firm soil should 


help to show what a typical data deck looked like: 
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Card 2. 
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